Résumé.-Nous présentons une revue d'expériences qui s'intéressent à l'ionisation, l'excitation, et la structure quantique des atomes d'hydrogène et d'hélium très excités plongés dans un champ de micro-onde intense, ainsi qu'une comparaison avec les théories actuelles. Celles-ci sont capables d'expliquer qualitativement certaines structures étudiées, mais elles ne permettent pas encore d'expliquer quantitativement les mesures d'ionisation effectuées à l'aide d'un très grand nombre (plusieurs centaines) de photons micro-onde. Il existe des calculs par la méthode de Monte-Carlo basés sur une théorie classique des interactions qui donnent un accord raisonnable avec les expériences d'ionisation publiées. Ces calculs négligent l'effet tunnel (quantique) et des expériences sont actuellement en cours pour montrer si cet effet, négligé dans l'approche classique, joue un rôle important. D'autres expériences récentes montrent que la dépendance de l'ionisation en fonction de la puissance microonde d'Un atome de Rydberg d'hélium dans l'état triplet m=0 est très différente de celle d'un atome hydrogène. On est capable actuellement d'expliquer le seuil d'ionisation de l'hélium en termes d'interactions dynamiques aux croisements évités successifs du diagramme de potentiel Stark de l'hélium.
Abstract. -Experiments investigating ionization, excitation, and quantal structure of highly-excited hydrogen and helium atoms in an intense microwave field are reviewed in terms of existing theory. Quantal theory is able to explain some of the results of the structure studies but is not yet at the level of producing quantitative agreement with ionization experiments, which involve very large numbers (hundreds) of microwave photons. Published MonteCarlo calculations based on a classical theory of the interactions are in reasonable agreement with the results of published ionization experiments, but additional experiments are being carried out to see if quantal tunneling, which is ignored by the classical theories, plays an important role. New experiments show that the power dependence of microwave ionization of m=0 triplet helium Rydberg atoms is very different from that of hydrogen atoms. We are able to explain the threshold region of ionization in helium in terms of dynamic interactions at the first (and subsequent) avoided crossings(.s) of adiabatic helium Stark potential curves.
1. Introduction. -This paper reviews briefly our present experimental and theoretical understanding about what happens when an atom with one of its electrons in a highly-excited level with principal quantum number n»l (to be called a Rydberg atom) interacts with an intense microwave electromagnetic field. We shall see that much remains to be understood about this problem, both qualitatively and quantitatively. We shall confine the discussion primarily to the one-electron hydrogen atom, the subject of nearly all the still rather meager amount of theory that has been done, and to a lesser extent, to the two-electron helium atom, the simplest multi-electron atom. We shall see that hydrogen and helium atoms prepared in Rydberg states with very nearly the same energy are ionized rather differently by the microwave field and shall explain, at least partially, why this is so.
Other review articles by the present author Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982215 a large body of the quantal and semi-quantal theories treating the interactions of atoms and molecules with intense electromagnetic fields. This material will not be reviewed in detail here; the interested reader should consult these earlier reviews.
A few, loose definitions are in order at the outset. We shall take "intense" to mean that the Rydberg atom undergoes multiphoton absorption and emission in the microwave field that can be of rather high order, as much as several hundred. This usually means that induced transitions to continuum states, multiphoton ionization, can complete successfully with those to lower-or higher-lying bound states, multiphoton (de-)excitation; spontaneous transitions generally play a negligible role. Viewed semi-classically, the oscillatory microwave electric field Focoswt has a peak strength Fo comparable to the mean Coulomb field binding the Rydberg electron to its ionic core.
The full problem may be sub-divided into the questions of (1) atomic "structure ',' or what are the quantized energy levels of the atom in the microwave field and (2) atomic "transitions',' or what are the detailed electronic motions (in a classical sense) among the various atomic states, particularly to the continuum? We shall motivate the conclusion that, to data, quantal or semi-quantal theories have dealt better with various aspects of the structure question but less well quantitatively with the question of ionization (bound-free transitions) than have classical theories, which obviously have nothing to say about (quantal) structure but seem capable o f d e a l i n g w e l l with some aspects of the non-linear dynamics. Here there are exciting unanswered questions concerning possible "stochastic" ionization mechanisms6-ll. Of course, any purely classical theory ignores quantal tunneling processes, which play an important role in ionization of atoms by a static electric field. The importance of tunneling in ionization of atoms by oscillatory fields, however, is not yet well understood. Neither is the onset of stochasticity in quantal non-linear dynamical systems.
A "Reasonable Approximate Hamiltonian for Hydrogen.-Consider a hydrogen atom
with an infinitely massive nucleus. For hi~hlv-excited levels H(hi~h n) with n>>l.
--.
-.
the binding energy of the Bohr levels scales as n-2, whereas the spacing between neighboring n-manifolds and the fine-structure and hyperfine-structure within a given n-manifold each scale as n-3, albeit with diminishing constants of proportionality. Quantum-electrodynamic splittings (Lamb shifts, etc.) decrease with n even more rapidly. In the rest of this paper, we ignore fine-, hyperfine-, and QEDcontributions to the energies of hydrogen levels. They are much smaller than the Stark interaction energy associated with the oscillatory electric field in an intense microwave field. (In helium, however, we shall include, via a quantum defect formulation, the electrostatic fine-structure because it greatly modifies the atomic Stark structure, particularly for levels with low values of the magnetic quantum number, [ml=0,1. The (ml=0 Stark structure is especially non-hydrogenic. For the most part, the magnetic fine-structure can still be ignored.)
At a given point in free sp5ce an applied microwave field consists of+an oscillatory electric field ~(t)=~~coswt and an oscillatory magnetic field B(t)= -+ Bocoswt. For H(high n) atoms, it is not hard to show that the Zeeman interaction energzes with Zf(t) are generally much smaller than the Stark interaction energies with F(t).
For a plane-wave microwave field, one can show that the ratio of the maximum Zeeman energy Wm associated with the electronic orbital magnetic moment and the maximum Stark energy We is of order where a=(137)-' is the fine structure constant. For 1-1-27, this ratio is The Zeeman energy associated with the electronic spin-angular magnetic moment is even smaller.
If the microwave field is contained in a waveguide or cavity, its electric and magnetic components will have spatial dependences which depend on the particular mode being excited. There will exist regions where one field is much larger than the other. The experiments discussed in this paper have been perfzrmed only in waveguides or cavities in which the interaction of the atoms with F(t) was totally dominant over that with 3(t).
Thus it is reasonable to adopt as a Hamiltonian (in au) which includes only the non-relativistic kinetic energy of the electron and its electric interactions with the point nucleus and with ? ( t ) .
This has been the starting point for all the non-relativistic theories treating hydrogen.
3. Static Electric Field Ionization.-As a prelude to describing the intense microwave experiments, it is useful to review briefly the results of our experiments at Yale on static electric field ionization of H(high n) atoms in resolved substates described by parabolic quantum numbers (n, nl, n2, Iml) . Both kinds of experiments used similar fast-beam methods; in fact, micorwave ionization in a TM020-mode cavity was used as a "black-box," 100% efficient detector of H(high-n) atoms in the static ionization experiments.
SCHEMATIC OF APPARATUS
(TOP VIEW)
LOCK-IN SCALER

REFERENCE (
Fig. la-A schematic diagram (top view) of the apparatus used for static and microwave ionization experiments with fast beams of hydrogen or helium atoms produced by ion-atom electron-transfer collisions. The various pairs of electrodes labelled F1-F5 produce static electric fields through which the atoms fly. Two continuous C02 laser beams may be directed either collinearly with the atomic beam or to cross it in F1 and Fj, respectively, where they drive transitions between Stark substates of different n-manifolds. A microwave cavity (or waveguide, not shown) is used to study microwave multiphoton ionization and excitation processes. Experimental analog signals are digitized and signal-averaged in a multichannel scaler. with laboratory kinetic energy Te3-20 keV undergoes electron-transfer collisions with target gas atoms, producing Rydberg atoms with approximately an n-3 distribution and an unknown distribution of substates. With use of various combinations of static electric fields F1-F5, continuous laser beams (argon ion or C02), and techniques reviewed in Ref. 2, a beam of atoms could be prepared in an n-band (a narrowed distribution of n-manifolds between na and nb),in an individual n-manifold with unresolved substates, or in an individual (Stark) substate of a given n-manifold. Fig. lb shows the most recent, inclined laser beam-particle beam geometry we have been using for double-resonance C02 laser production of H(high n) and He(highn) atoms. Unlike our previous collinear-beam l2 the inclined geometry allows us to have each laser beam interact with the atoms in only one section of the beam apparatus. Fig. la shows a microwave cavity being used to ionize the Rydberg atoms for subsequent detection of the resultant fast ions. We also use ionization in a static axial electric field for detection (not shown in Fig. 1 ). laser-driven transitions in F1 originating on a large number of H(n=lO) substates. Lower trace: A "double-resonance" spectrum displaying only those transitions out of the H(n=lO) Stark substate (10,0,9,0). Fig. 2 shows two Stark-tuned spectra2 obtained with one collinear CO2 laser beam driving transitions between substates of two different pairs of n-manifolds: n=7 and n=10 in F1 and n=l0 and n=33,34 in F3. Each n-manifold has n(n+1)/2 Stark substates, The "single-resonance" spectrum (detected with one lockin amplifier) registered the many n=10 -+ n=33,34 transitions in F3 that were connected by appreciable matrix elements, The "double-resonancet' spectrum (detected simultaneously with a second lockin amplifier) registered only those driven in F3 out of the single H(n=lO) substate (10,0,9,0). It was previously "tagged" by the laserdriven transition (7,0,6,0) + (10,0,9,0) in F1. Obviously, the dcuble-resonance method allows isolation of individual substates. These methods permitted the first precise measurement of the static electric fleld ionization rate rI(F) for resolved hydrogen Stark substates.13 Fig. 3 shows some experimental results (dotted lines) compared with numerical theoretical calculations (squares) and with calculations based on a semi-empirical analytic formula (solid lines] 1 4 . Since the six n=40 substates have large positive values of the "electric quantum number" nl-n2=34+39, they ionize at relatively large values of the scaled field, n4~=0. 2 -0.3 au. Because of the quantal tunneling, ionization at rates ~1 0~s -l occurs at values of n4F about 20% below the classical ionization thresholds calculated and displayed graphically by Banks and Leopold.15 This behavior was also observed13 for a state (30,0,29,0) having a large negative value of(nl-n2)=-29.
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An important conclusion of this work is that quantal tunneling lowers the observable ionization threshold in static fields (w=O) as much as 20% below the classical threshold.
4. Quanta1 vs. Classical Theories of Multiphoton Ionization.-It is an interesting and important question to determine whether tunneling would significantly lower the ionization threshold in an oscillatory field, wfO. We are explicitly investigating this question in current experiments. Theoretically, the answer to this question is unclear. ~e l d~s h l~ introduced a semiclassical model that attempts to treat nonperturbatively tunneling and multiphoton ionization as different limiting cases of the same physical process, namely ionization of an atomic electron by an intense electromagnetic field. He introduced the use of a parameter y that is the ratio of the time required for the electron to tunnel through the instantaneous barrier to the period of the field; y much smaller and much larger than one correspond, respecitvely, to the adiabatic tunneling and multiphoton ionization limits. In atomic units, y=w/nFo for hydrogen. Various assumptions made in his early work with this model were improved by Perelomov et a1. ,17 but it is not obvious that the model has any validity for the case of very high-order microwave ionization of H(high n) atoms. The large density of Rydberg states (proportional to n3) means that a large number of multiphoton resonances between intermediate states are possible on the way to the continuum; the model does not handle these. N~~~~ theless, a prediction of this model in the adiabatic limit (y<<l) is that ionization in the oscillatory field has a lower threshold than in a static field. As will be seen below, this is also a prediction of calculations based on classical theory, which ignores tunneling.
Other papers of this Colloquium by Brandi and by Mainfray deal with theoretical and experimental investigations, respectively, of the validity of the Keldysh model of ionization. ~e i s s l~ has also reinvestigated it theoretically. It has not been specifically applied to the problem of microwave ionization of atoms.
Leopold, Percival, and Jones (Refs. 6-8, see also a review of their work in another paper of this Colloquium by Richards) developed an entirely classical theory of microwave ionization and excitation. The theory depends on two parameters: (1) w/wat, the ratio of the frequency of the field to the atomic orbital frequency, and (2) n 4~o , the scaled peak electric field strength. In addition, they introduced the use of a "compensated energy" for the orbiting electron in the oscillatory field to decide whether ionization did or did not take place. From considerations of the magnitudes of classical actions compared to R, they concluded that tunneling played a negligible role in the microwave experiments on n=66 atoms. l 9 9
Since static ionization experiments show us that tunneling is very important in the w=O limit, however, it is unclear at what values of the scaled frequency w/wat and the scaled field strength n4FO tunneling ceases to become important.
Typcial Parameters for Microwaves Used in the Experiments.-Microwave sources
and plumbing span the range from 1 GHz to more than 500 GHz. Generally, as the frequency goes up, the available output power of sources goes down, all components get smaller, and cost generally increases. There are a large number of microwave frequency bands; operation in a new band usually means that new cpmDonents must be acquired. For this reason, the microwave experiments reviewed in this paper have not yet been performed at a large number of widely separated frequencies. Most have been in the range 7-12 GHz, where sources and components were available. Table 1 Fo for n4~,=0.1 Table 1 shows some useful numbers for 10 GHz microwave ionization experiments of H(high n) atoms. This frequency is near those used in most reported experiments. The columns show, respectively:
(1) the principal quantum number, (2) the electric field strength Fo needed to produce a scaled field strength n4F0=0.1 au, approximately the value observed empirically to produce appreciable ionization (notice that n4FO is the classical field strength parameter mentioned above); (3) the ratio of the binding energy of the level to the 10 GHz photon energy, or the number of photons energetically needed to get to the zero-field ionization limit; (4) the ratio of the energy separation between the levels n and (n+l), or the number of 10 GHz photons needed to drive a An=l transition (this ratio is also the inverse of the classical scaled frequency w/wat mentioned above) ; (5) the approximate power that must be coupled into (and dissipated in) a typical TM020-mode cylindrical cavity [unloaded Q-lo4 and coupling voltage-standing-wave-ratio (VSWR) -11 in order that the value of Fo on the axis of the cavity equal that shown in column 2; (6) the approximate power that must be transmitted through a TE1 0-mode X-band (8-12 GHz), rectangular waveguide in order that the value of Fo In the waveguide equal that shown in column 2.
If we adopt -10 W as an affordable upper limit on the power available from a tunable, continuous microwave source (such as the combination of a low-power oscillator and a traveling-wave-tube amplifier), waveguide ionization experiments are restricted to 11250 and cavity experiments to 11225. This means that inter-n transitions require on the order to ten photons, whereas ionization requires on the order of one hundred photons. Higher power, fixed frequency sources such as magnetrons are available in this and higher frequency ranges, but they would be best suited to experiments using resonant cavities. With them, one would be unable to study the frequency dependence of atom-field interactions. As we shall see, such studies are extremely important and have uncovered resonant behavior that is only partially understood.
6, Previous Ionization Experiments and Some New Results. -Bayfield and ~ochl' first reported eight years ago the observation of microwave ionization of H(high n) atoms in the n-band 63511269. Fig. 4 shows their data for the ionization probability at 9.91 GHz (solid circles), whirh corresponds to a scaled frequency w/wat=0.43.
The atoms adiabatically entered and exited the microwave field inside a TM020-mode cavity and were exposed to about lo3 oscillations. The open circles show the classical, Monte-Carlo theoretical results of Leopold and ~ercival .6 9
Since, to date, these are the only calculations in quantitative agreement with the ionization experiments, the classical theory must be examined further as a viable model for the interaction of Rydberg atoms with intense microwaves. The horizontal axis is in units of the parameter y, which in the classical theory is the ratio (w/wat)./ (F,/F,~) of the classical frequency and field strength parameters. It is numerically equal to the Keldysh parameter, but its interpretation is very different because the classical theory obviously does not account for tunneling ionization.
It was found6-* that the classical electron orbits in the intense field could be grouped into four different classes C1-C4. Each could be recognized by its distinctive spatial trajectory or by a plot of its "compensated energy" Ec vs. time. The latter are shown in Fig. 5 . Motions C1 lie on an invariant torus in phase space and may never ionize; C2 ionize rapidly and directly into the continuum; C3 ionize more slowly and pass through at least one intermediate, extra-highly-excited (EHE) state; C4 pass through one or more EHE but do not ionize during the time scale of the calculation. Notice that C3 and C4 exhibit de-excitation (downward) transitions as well as excitation (upward) transitions.
The classical, non-linear dynamics of the ionization process is complicated. It is not clear how one would construct a quantum mechanical theory of microwave ionization that would reproduce this behavior and give physical insight into the different types of electronic motions. Stable and unstable (escaping) classical trajectories may co-exist for different initial conditions at the same values of the classical parameters, and both excitation and de-excitation transitions seem to be important. It appears from the plots in Fig. 5 that the electron may not end up with much kinetic energy after ionization, but this was not explicitly evaluated in the classical calculations.6-8 With use of a strong-field, quantal, perturbative theory, Gersten and Mittleman21 attempted to estimate how far into the continuum the electron would be ionized, but the validity of their theory for the microwave experiments was very uncertain. They tentatively concluded that, on average, twice the minimum number of photons would be absorbed. Since the Rydberg atoms in the experiments were bound by only tens of meV, their result, if true, means that the ionized electrons would have only this amount of kinetic energy. Recent laser multiphoton ionization experiments (reviewed in another talk of this Colloquium by Mainfray) have determined the relative probability for ionization of atoms by more than the minimum number of photons, but the theoretical interpretation of these 
It may be p o s s i b l e t o use e l e c t r o n spectroscopy t o g a i n information about t h e d i s t r i b u t i o n of k i n e t i c energy of e l e c t r o n s i o n i z e d by microwaves. Showing t h e feasib i l i t y of t h i s t y p e of measurement was a by-product of a very r e c e n t c o l l a b o r a t i v e experiment a t Argonne N a t i o n a l Laboratory undertaken by our Yale group and a group a t t h e Argonne Dynamitron Laboratory-More w i l l be s a i d a t t h e end of t h i s a r t i c l e about t h e experiment, whose d a t a a r e s t i l l being analyzed.
7. Fre uenc -de endent E f f e c t s . -The resonant response of H(high n ) atoms t o certainqrang:s o : microwave frequency was observed by Bayfield, Gardner, and ~o c h " . I n o r d e r t o be a b l e t o sweep t h e frequency over t h e range -9.6-11.4
GHz, t h e atom beam was d i r e c t e d through an X-band, TE1,O mode waveguide. As was explained e a r l i e r v i a Table I , a v a i l a b l e microwave powers < 20 W meant t h a t i o n i z a t i o n of atoms l a s e r e x c i t e d i n t o i n d i v i d u a l n -l e v e l s could be s t u d i e d f o r 11545. Fig. 6 shows i o n i z a t i o n curves f o r each l e v e l between n=45 and n=57. Fig. 7 shows, j u s t f o r n=48, an ioni--z a t i o n curve (lower frame) and an e x c i t a t i o n curve (upper frame). The l a t t e r was taken i n a "two microwave f i e l d " experinent t h a t was s e n s i t i v e only t o atoms t h a t were e x c i t e d t o n>48 bound l e v e l s , but not t o t h e continuum. Both curves i n Fig. 7 were taken a t a microwave power of 8 11, which corresponds t o F =80 V/cm. Each curve 
-8) t h a t were based on a c l a s s i c a l t h e o r y of t h e i n t e r a c t i o n of hydrogen atoms w i t h an o s c i l l a t o r y e l e c t r i c f i e l d . The c a l c u l a t i o n s followed t h e e l e c t r o n during s e v e r a l hundred f i e l d o s c i l l at i o n s . When Ec < 0 , t h e e l e c t r o n is s t i l l bound t o t h e proton. When Ec > 0 , t h e e l e c t r o n i s i o n i z e d . EHE s t a n d s f o r an extra-highly-excited Rydberg s t a t e w i t h p r i n c i p a l quantum number about a f a c t o r of f i v e l a r g e r t h a n t h e i n i t i a l one. (taken from Ref. 6 ) i n Fig. 6 was recorded a t a d i f f e r e n t microwave power e m p i r i c a l l y a d j u s t e d t o l i m i t t h e f r a c t i o n of atoms i o n i z e d t o 1-30%. The d a t a i n b o t h f i g u r e s l i e i n t h e followi n g ranges of t h e c l a s s i c a l parameters:
(1) 0.13<w/w <0.26 ( o r i n t h e neara d i a b a t i c frequency regime), and (2) Fo/Fa = n4FO = 8F59 a u , o r s i g n i f i c a n t l y be-.
low t h e c l a s s i c a l i o n i z a t i o n t h r e s h o l d s ~~5 %~
= 0.13-0.38 au8'15.
The 2. 8mm diameter beam-entrance and -e x i t h o l e s p e r t u r b e d t h e waveguide e l e c t r i c f i e l d d i s t r i b u t i o n s o t h a t Fo was w i t h i n %5% of i t s peak v a l u e only over a f r a c t i o n , perhaps h a l f o r less, of t h e 1 cm s e p a r a t i o n between t h e opposing f a c e s . This meant t h a t t h e a10 keV atoms experienced a transit-time-induced frequency spread of 0.05 GHz o r more. The 0.5-1.0 GHz widths of t h e resonances i n Figs. 6 and 7 a r e s i g n i f i c a n t l y l a r g e r than t h i s , s o t h e y may be p h y s i c a l l y important. The a b s o l u t e r a t e s c a l e s i n Fig. 7 show t h a t multiphoton i o n i z a t i o n and e x c i t a t i o n may proceed a t comparable r a t e s ; which i s dominant depends s e n s i t i v e l y on t h e frequency.
These experimental r e s u l t s s t i m u l a t e d t h e o r e t i c a l a c t i v i t y . Delone e t a l . l l advanced a d i f f u s i o n model t o c h a r a c t e r i z e t h e nticrowave i o n i z a t i o n , but t h e i r Fig. 6 -The measured i o n i z a t i o n of H(high n ) atoms w i t h each p r i n c i p a l quantum number n between 45 and 57 a s a f u n c t i o n of t h e microwave frequency between 9.6 and 11.4 GHz. The v e r t i c a l s c a l e s a r e r e l a t i v e u n i t s d i f f e r e n t f o r each n . The v e r t ic a l b a r s a r e worst-case e s t i m a t e s of t h e f l u c t u a t i o n s i n t h e s i g n a l s t h a t were caused by frequency-dependent v a r i a t i o n s i n t h e peak microwave e l e c t r i c f i e l d s t r e n g t h experienced by t h e atoms i n s i d e t h e TEi O..mode waveguide. The microwave power i n c i d e n t on t h e waveguide was kept approxl&ately constant f o r each n-value but was r e a d j u s t e d with each change i n n t o keep t h e peak f r a c t i o n a l i o n i z a t i o n i n t h e range 1-30%. I n p o i n t i n g out t h a t t h e i r own c l a s s i c a l , Monte-Carlo t r a j e c t o r y res u l t s were d i r e c t l y r e l a t e d t o t h e g e n e r a l problem of t h e onset of s t o c h a s t i c motions i n non-linear dynamical systems, P e r c i v a l e t a1.b-8 concluded t h a t "much more work needs t o be done. 
Since t h e c l a s s i c a l and quantum mechanical motions of t h e f i e l d -f r e e hydrogen atom a r e known e x a c t l y , t h e hydrogen atom i n a n electromagnetic f i e l d may be a usef u l t e s t i n g ground f o r i n t e n s e -f i e l d s t u d i e s of t h e s e i s s u e s . One of them i s obviously what i n f l u e n c e quanta1 t u n n e l i n g may have on t h e onset of c h a o t i c and escaping motions i n non-linear systems.
8. New Hydropen and Helium Experimental Results.-At Yale, our group has r e c e n t l y completed running some new experiments on microwave i o n i z a t i o n of hydrogen and helium Rydberg atoms. The g o a l s were r a t h e r modest: We were i n t e r e s t e d i n comp a r i n g t h e Fo-dependence of t h e i o n i z a t i o n of a simple non-hydrogenic atom w i t h t h a t of hydrogen.
The apparatus was s i m i l a r t o t h a t shown i n Figs. l a , b , and a 9.91 GHz TM020-mode c a v i t y was used t o produce t h e i o n i z i n g microwave f i e l d . Analysis of t h e s e new experiments i s s t i l l i n p r o g r e s s , and t h e author a p p r e c i a t e s t h e w i l l i n g n e s s of h i s colleagues a t Yale, D. Mariani and W. van de Water t o have some of our preliminary r e s u l t s and conclusions presented h e r e .
For a v a r i e t y of r e a s o n s , we chose t o work with n3s1 Rydberg s t a t e s of helium. W e s h a l l compare r e s u l t s f o r atoms i n d i f f e r e n t n-manifolds by u s i n g t h e s c a l e d e l e c t r i c f i e l d n k 4~, where n*=[n--6 (L,s) 1, t h e e f f e c t i v e quantum number, e q u a l s t h e d i f f e r e n c e of t h e p r i n c i p a l quantum number n and t h e quantum d e f e c t 6(L,S), which depends mainly on t h e o r b i t a l L and s p i n S angular momenta of t h e p a r t i c u l a r l e v e l . Helium n3s1 Rydberg l e v e l s have t h e l a r g e s t quantum d e f e c t , 6(0,1)=0.297. Since it w i l l be u s e f u l t o compare t h e i r microwave i o n i z a t i o n behavior t o t h a t i n a s t a t i c f i e l d , we show i n Fig. 8 a s t a t i c f i e l d i o n i z a t i o n curve f o r He(41 3~1 ) atoms pre-
pared by double-resonance , C02 l a s e r techniques 2 y l 2 7 i n f i e l d s F1-F! i n Figs. l a , b 
Fig. 8 shows t h e f r a c t i o n of an %I2 keV beam of t h e s e atoms t h a t survlved passage through t h e 8 . 3 cm-long i o n i z i n g f i e l d F5 i n Fig. l a . It was recorded using t h e same methods p r e v i o u s l y used f o r p r e c i s e measurement of f i e l d i o n i z a t i o n r a t e s of hydrogen S t a r k s u b s t a t e s 1 3 . W e n o t i c e a s h a r p i o n i z a t i o n t h r e s h o l d (drop i n t h e curve) a t n * 4~ 2: 1/16 a u , which i s t h e "saddle-point" i o n i z a t i o n theshold t h a t c h a r a c t e r i z e s i o n i z a t i o n of non-hvdrogenic, low-lml Rydberg s t a t e s t h a t follow a d i a b a t i c p a t h s t o t h e continuum23.
Fig. 9 shows microwave i o n i z a t i o n curves f o r H(n=41) atoms (with an unmeasured d i s t r i b u t i o n of s u b s t a t e s ) and He(41 3~1 ) atoms. Each curve shows a s i g n a l prop o r t i o n a l t o t h e f r a c t i o n of atoms i o n i z e d during t h e i r passage through t h e c a v i t y ;
He(41 3~1) atoms ( s o l i d curve). The h o r i z o n t a l s c a l e i s p r o p o r t i o n a l t o t h e microwave power i n c i d e n t on t h e 9.91 GHz, TM020-mode c a v i t y ; t h e r e f o r e , t h e s c a l e of t h e peak amplitude of t h e microwave e l e c t r l c f i e l d Fo i s non-linear.
The a b s o l u t e Fo-scale i s u n c e r t a i n by about 10%. The H and He atoms were exposed t o about 6 . 5~1 0~ and 1 . 3~1 0~ c y c l e s of t h e microwave f i e l d , r e s p e c t i v e l y . The s i g n a l s s a t u r a t e f o r nx4Fo 2 0.12-0.14 au.
t h e two c u r v e s have been approximately normalized. For n=41, t h e 9 . 9 1 GHz f r equency corresponds t o a frequency r a t i o w/wat = 0.1, o r i n t h e "near-adiabatic" regime. Even though t h e d i f f e r e n c e i n z e r o -f i e l d b i n d i n g e n e r g i e s of t h e atoms i s v e r y s m a l l , AE=6(0,l) /n3 auz0.95 cm-I = 23 GHz, o r f r a c t i o n a l l y only 1.4%, t h e two i o n i z a t i o n curves are v e r y d i f f e r e n t . The hydrogen i o n i z a t i o n t h r e s h o l d i s approximately n4FO= 0.08 a u , and t h e r e appears t o b e some s t r u c t u r e i n t h e curve n a r t h r e s h o l d . The i o n i z a t i o n s i g n a l i s s a t u r a t e d ( r a t e > 10' s -l ) a t z n Fo 1 0.13 au. For helium, however, t h e i o n i z a t i o n s i g n a l rises a t much s m a l l e r v a l u e s of nk4FO and i s n o t s a t u r a t e d u n t i l a somewhat h i g h e r v a l u e t h a n t h a t f o r hydrogen. Fig. 10 shows a n o t h e r hydrogen curve, t h i s time f o r n=27. For t h i s nl e v e l , t h e frequency r a t i o i s w/w 0.03, o r even more i n t o t h e a d i a b a t i c regime.
I n terms of t h e s c a l e d f f h d n 4~o , t h e H(n=27) c u r v e i s v e r y s i m i l a r t o t h e H(n=41) c u r v e , except f o r t h e l a c k of p o s s i b l e s t r u c t u r e n e a r t h r e s h o l d . Fig. 9 . The s i g n a l s a t u r a t e s f o r n4FoZ0. 12 a u .
t i o n curve f o r H(n=27) atoms t h a t was taken under t h e c o n d i t i o n s d e s c r i b e d i n t h e c a p t i o n t o
Let u s a n a l y z e t h e hydrogen c u r v e s f i r s t i n terms of t h e c l a s s i c a l , Monte Carlo t h e o r e t i c a l r e s u l t s 8 . Fig. 1 1 shows, f o r 
a number of v a l u e s of t h e s c a l e d f i e l d Fo/F = n4FO, a composite of t h e i r c a l c u l a t i o n s of t h e p e r c e n t a g e of i o n i z at i o n v s . t g e frequency r a t i o w/wat. (We p o i n t o u t t h a t more e x t e n s i v e c a l c u l a t i o n s a t f i x e d
Fo/Fat = 0.08 and cn a f i n e r mesh of frequency r a t i o s w/w between 0 . 3 and 1 . 4 shows s e v e r a l resonances i n t h e i o n i z a t i o n p r o b a b i l i t y (~e ? . 8 , Fig. 3 ) n o t u n l i k e t h o s e observed experimentally--see Figs. 6 , 7 above. U n f o r t u n a t e l y t h i s range of w/wat i s s l i g h t l y above t h e range 0.13-0.26 of t h e experiments 'O.) W e n o t i c e t h a t f o r w/wat < 0 . 1 ( o r t o t h e l e f t of lg(w/wat)=-1 on each h o r i z o n t a l s c a l e ) , t h e y p r e d i c t t h a t n e g l i g i b l e i o n i z a t i o n t a k e s p l a c e u n t i l Fo/F > 0.1. R e c a l l t h a t t h e a t measured hydrogen curves i n F i g s . 9 , 10 show t h e o n s e t of ionization s i g n a l s a t Fo/Fat = 0.08. A p r e l i m i n a r y a n a l y s i s l e a d s t o about a 10% u n c e r t a i n t y i n our d
e t e r m i n a t i o n of t h e a b s o l u t e f i e l d s t r e n g t h Fo i n t h e c a v i t y i n terms of t h e measured power i n c i d e n t on i t . T h e r e f o r e , we have some p r e l i m i n a r y evidence t h a t t h e observed o n s e t of i o n i z a t i o n occurs a t somewhat lower v a l u e s of F,/F,~ t h a n t h o s e p r e d i c t e d by t h e c l a s s i c a l t h e o r y 6-8.
It i s h i g h l y tempting t o view t h i s a s evidence f o r t h e importance of t u n n e l i n g , but we s h a l l avoid t h i s c a t e g o r i c a l a s s e r t i o n u n t i l we have made a complete a n a l y s i s of our d a t a and u n t i l a l a r g e r JOURNAL DE PHYSIQUE Fig. 11 -A 
composite of t h e r e s u l t s of c l a s s i c a l Monte-Carlo c a l c u l a t i o n s (Ref. 8) a t a number of values of t h e s c a l e d f i e l d Fo/F of t h e percentage i o n i z a t i o n of hydrogen atoms i n an o s c i l l a t o r y e l e c t r i c f i e 1 3 whose frequency w i s r e l a t e d t o t h e atomic o r b i t a l frequency through t h e r a t i o w/w t . Notice t h a t t h e i o n i z a t i o n t h r e s h o l d f o r a n e a r l y s t a t i c f i e l d i s n e a r F,?F = 0.13 au and t h a t t h e ionizat i o n t h r e s h o l d f o r o s c i l l a t o r y f i e l d s w i t h w/wa ag 1 i s about a f a c t o r of two lower
The c l a s s i c a l c a l c u l a t i o n s ignore t h e e f f e c t s o ! quanta1 t u n n e l i n g , which lowers i o n i z a t i o n curve f o r He(28 3~1 ) atoms t h a t was taken under t h e conditions described i n t h e caption t o Fig. 9 . The s i g n a l s a t u r a t e s f o r n * 4~o >~. 16 au. Fo (Vlcrn)
number of c l a s s i c a l c a l c u l a t i o n s a r e a v a i l a b l e i n t h e t h r e s h o l d region.
Now we move t o a d i s c u s s i o n of t h e helium microwave i o n i z a t i o n d a t a . Fig. 12 shows an i o n i z a t i o n curve f o r He(28 3~1 ) atoms. S i m i l a r t o t h e He(41 3s1) curve
shown i n Fig. 9 , t h e i o n i z a t i o n s i g n a l r i s e s a t very low v a l u e s of n * 4~ , but t h e He(28 3s1) curve has a p l a t e a u (and even a s l i g h t d i p ) between about n*{~, = 0.05-0.1 a u , rises again above t h i s v a l u e , and does n o t s a t u r a t e u n t i l about 0.16 au. Fig. 1 3 shows an i o n i z a t i o n curve f o r He(28 3~1 ) over a much s m a l l e r Fig. 1 3 - Fig. 12 . The o r i g i n of t h e "bump" is explained i n t h e t e x t . The s i g n a l f o r nn4FO > 0.02 au i s n o t s a t u r a t e d ; i t i s a p l a t e a u unobservable on t h e s c a l e of Fig. 6 . range of n*4F0-values n e a r t h e onset of i o n i z a t i o n . Notice t h a t Fo s c a l e s of t h e two f i g u r e s a r e s o d i f f e r e n t t h a t t h e v e r y i n t e r e s t i n g t h r e s h o l d s t r u c t u r e observa b l e i n Fig. 1 3 i s compressed and unobservable on t h e s c a l e of Fig. 12 . We s e e t h a t t h e i o n i z a t i o n s i g n a l i n Fig. 1 3 begins v e r y s h a r p l y a t nx4Fo = 0.011 a u , o r Fo = 100 V/cm, r i s e s t o an l o c a l maximum, d e c r e a s e s , r i s e s again more slowly, and then reaches a l o c a l p l a t e a u . W e a r e a b l e t o e x p l a i n t h e "bump" n e a r 100 V/cm i n terms of known f e a t u r e s of t h e helium spectrum. Fig. 14 shows a "Stark map" of m=O t r i p l e t Rydberg l e v e l s . The c a l c u l a t i o n was performed on an (n,k,mk) b a s i s by D r . van de Water of our group using matrix-diagonalization programs adapted from t h o s e k i n d l y s u p p l i e d by Dr. ~i m m e r m a n~~. The magnetic f i n e -s t r u c t u r e of helium i s n e g l i g i b l e on t h e s c a l e of t h e map and was i ored i n t h e c a l c u l a t
A microwave i o n i z a t i o n curve f o r He(28 3~1) atoms t h a t emphasizes t h e t h r e s h o l d , low-Fo r e g i o n of
i o n . Notice t h a t t h e a d i a b a t i c continu a t i o n of t h e He(28 z l ) l e v e l undergoes i t s f i r s t avoided c r o s s i n g w i t h t h e uppermost m=O t r i p l e t l e v e l (which i s t h e a d i a b a t i c c o n t i n u a t i o n of t h e (n=27, R=26
, mR=O) l e v e l ) r i s i n g from t h e n=27 manifold n e a r 110 V/cm, which i s w i t h i n estimated experimental e r r o r of t h e p o s i t i o n of t h e t h r e s h o l d "bump" i n t h e i o n i z a t i o n curve. Since t h e frequency r a t i o u/uat 0.03, t h e o s c i l l a t i o n of t h e applied e l e c t r i c f i e l d i s a d i a b a t i c w i t h r e s p e c t t o t h e motion of t h e e l e c t r o n . The "Stark map" i n t h i s case i s analogous t o t h e molecular p o t e n t i a l curves t h a t one o b t a i n s i n a Born-Oppenheimer s e p a r a t i o n of t h e slow i n t e r n u c l e a r motions from t h e f a s t e l e c t r o n i c motions i n a molecule.
I n a molecule, o r i n a quasi-molecular t r e a tment of a n atom-atom c o l l i s i o n , t h e i n t e r n u c l e a r motion produces dynamic terms which couple s t a t e s belonging t o d i f f e r e n t a d i a b a t i c molecular p o t e n r i a l curves. I n t h e p r e s e n t c a s e , t h e o s c i l l a t o r y f i e l d moves t h e system back and f o r t h along t h e S t a r k p o t e n t i a l curves and may cause t h e system t o jump (make d i a b a t i c , o r Landau-Zener t r a n s i t i o n s z 5 from one p o t e n t i a l curve t o another.
FIELD (V/cm)
Fig. 14-A preliminary "Stark map" f o r some m=O t r i p l e t Rydberg l e v e l s of helium t h a t was c a l c u l a t e d by D r . W. van de Water a t Yale w i t h use of matrix-diagonalizat i o n programs adapted from t h o s e k i n d l y s u p p l i e d t o us by D r . M.L. Zimmerman (Ref. 24).
It was computed on an (n,ll,mL) b a s i s of 106 s t a t e s i n t h e n=26-29 manifolds. Magnetic f i n e -s t r u c t u r e i s unobservable on t h e s c a l e of t h e f i g u r e and was neglected.
It appears, t h e r e f o r e , t h a t p a r t i a l l y d i a b a t i c t r a n s i t i o n s a t t h i s f i r s t and a t o t h e r avoided c r o s s i n g s t r a n s f e r population from t h e i n i t i a l l e v e l onto o t h e r S t a r k s u b s t a t e s . The remarkable t h i n g i s t h a t t h e system i s then a b l e t o proceed a l l t h e way t o t h e continuum a t t h i s r a t h e r low f i e l d s t r e n g t h . Since t h e atom
experienced approximately lo3 o s c i l l a t i o n s of t h e f i e l d , however, i t had many o p p o r t u n i t i e s t o make such t r a n s i t i o n s . We n o t e t h a t t h e f i r s t avoided c r o s s i n g between a d i a b a t i c l e v e l s i n neighboring manifolds, n and (n-1), occur a t an F,-value t h a t s c a l e s a s n-5.
I n a d d i t i o n a l experiments w i t h n=26
,29 ~e ( n 3~1) atoms, we observed threshold "bumps" and "plateaus" s i m i l a r t o t h o s e shown f o r n=28 i n Figs. 6,7.
For t h e s e o t h e r n-values, which a l s o have a d i a b a t i c frequency r a t i o s w/wat, t h e bumps show up a t F -values correspondin? t o t h e f i r s t avoided crossing. We d i d not observe a threshofd "bump" w i t h He(41 S1) atoms, however. It i s tempting t o e x p l a i n t h i s
behdvior by t h e less a d i a b a t i c frequency r a t i o w/wat " 0 . 1 f o r n = 41. I f t h i s i s so, one would have a n e f f e c t analagous t o t h e breakdown of t h e Born-O~penheimer a d i a b a t i c approximation i n moIecules.
Though our p r e l i m i n a r y a n a l y s i s e x p l a i n s , a t l e a s t p a r t i a l l y , t h e o r i g i n of some t h r e s h o l d bumps, we cannot e x p l a i n q u a n t i t a t i v e l y t h e l o c a t i o n of p l a t e a u r e g i o n s over which some i o n i z a t i o n curves a r e l o c a l l y independent of t h e v a l u e of Fo.
Our experiments on microwave i o n i z a t i o n of non-hydrogenic atoms have d i splayed f a s c i n a t i n g behavior t h a t i s very d i f f e r e n t from t h a t observed i n hydrogen atoms having n e a r l y t h e same i n i t i a l binding energy. One may s p e c u l a t e t h a t t h e hydrogen-like, high-lml s t a t e s of a Rydberg atom l i k e helium may d i s p l a y microwave i o n i z a t i o n behavior more l i k e t h a t of hydrogen.
Since t h e e l e c t r i c f i e l d i n t e ra c t i o n conserves lmQl ( a t l e a s t i n t h e l i m i t of n e g l i g i b l e magnetic f i n e -s t r u c t u r e ) , t h e o s c i l l a t o r y e l e c t r i c f i e l d would not induce t r a n s i t i o n s between d i f f e r e n t ImQIs t a t e s . S t r a y f i e l d s o r c o l l i s i o n s could do t h i s , however.
W e o f f e r an important conclusion: Nearly a l l t h e t h e o r i e s t r e a t i n g microwave i o n i z a t i o n have been based on a n o n -r e l a t i v i s t i c treatment of hydrogen. Since we have observed dramatic d i f f e r e n c e s between hydrogen and non-hydrogenic S t a r k s t a t e s , i t i s i n a p p r o p r i a t e t o use non-hydrogenic Rydberg atoms i n experiments designed t o t e s t t h e o r i e s based on hydrogen. Nevertheless, t h e non-hydrogenic e f f e c t s w i l l be i n t e r e s t i n g t o study i n d e t a i l i n t h e i r own r i g h t , but one w i l l need t o develop a d d i t i o n a l theory.
9. S t r u c t u r e of H(high n) Atoms i n an I n t e n s e Microwave Field.-Thus f a r , w e have emphasized questions of atomic t r a n s i t i o n s driven by i n t e n s e microwaves, from one bound s t a t e t o another o r from a bound s t a t e t o t h e continuum. I n t h i s s e c t i o n , we consider t h e problem of atomic s t r u c t u r e , o r what a r e t h e (quasi-)bound energy l e v e l s of t h e hydrogen atom i n t h e i n t e n s e microwave f i e l d . ~l o c h i n z e w~~ f i r s t i n v e s t i g a t e d t h e quanta1 s t r u c t u r e of t h e Hamiltonian Eq. (2). More r e c e n t t r e a tments of t h e "AC-Stark e f f e c t " have included t h o s e of Autler and ~o w n e s~~, of Bakshi e t a l V 2 $ , of
and Hicks e t a~.~' , and of a number of o t h e r t h e o r i s t s whose work has been reviewed r e c e n t l y by Delone e t a1.3 and by ~a y f i e l d~, ' . For t h e degenerate s t a t e s of t h e hydrogen atom, t h e s e t h e o r i e s p r e d i c t t h a t one e f f e c t of an i n t e n s e , l i n e a r l y p o l a r i z e d o s c i l l a t o r y f i e l d i s t o produce quasi-energy s a t e l l i t e s ( a l s o c a l l e d dressed s t a t e s , photon r e p l i c a s , e t c . ) d i s p l a c e d by i n t e g r a l numbers of photons + p?~w above and below t h e z e r o f i e l d l e v e l . The ampli-
tude of t h e s a t e l l i t e of order p i s p r o p o r t i o n a l t o t h e value of t h e Bessel function of o r d e r p whose argument i s t h e r a t i o of t h e peak d i p o l e energy dFo t o t h e photon energy hw. A s i n t h e s t a t i c S t a r k e f f e c t , t h e permanent d i p o l e moment d i s c r e a t e d from opposite
-parity atomic states t h a t a r e mixed by t h e f i e l d . The Bessel function weighting of t h e s a t e l l i t e s i s a g e n e r a l f e a t u r e of i n t e n s e -f i e l d problems: they appear, f o r example, i n s p i n systems i n i n t e n s e , o s c i l l a t o r y magnetic f i e l d s 3 2 and i n electron-atom c o l l i s i o n s i n t h e presence of an i n t e n s e laser f i e l d 3 3 .
Twenty y e a r s ago, Baranger and ~o z e r~~ proposed using s p e c t r a l -l i n e -s a t e l l i t e s produced by t h e AC-Stark e f f e c t a s a d i a g n o s t i c probe of high-frequency e l e c t r omagnetic o s c i l l a t i o n s i n a plasma. This motivated a s i g n i f i c a n t amount of experimental and t h e o r e t i c a l work ( f o r u s e f u l l i s t s of references s e e Refs. 35 and 36). The Ph.D. t h e s i s of Hicksz9 i n c l u d e s t h e r e p o r t of a n i c e o p t i c a l spectroscopy experiment on a hydrogen plasma, but t o t h i s a u t h o r ' s knowledge, i t is a v a i l a b l e only a s a l a b o r a t o r y r e p o r t . He measured t h e Balmer spectrum emitted by t h e hydrogen plasma i n s i d e a G e i s s l e r tube t h a t was c o l l i n e a r with t h e microwave e l e c t r i c f i e l d i n s i d e a rectangular, TMOl0-mode c a v i t y . He was a b l e p a r t i a l l y t o r e s o l v e t h e microwave-induced s a t e l l i t e s on each s i d e of t h e H,,H H H l i n e s and t o o b t a i n e x c e l l e n t r e s u l t s w i t h a theory B Y . y ' 8 based on t h e work of Blochmzew.
The agreement between experiment and Blochinzew-type theory has g e n e r a l l y been much l e s s impressive f o r experiments which used i n t e r n a l f i e l d s i n s i d e a plasma, p a r t i c u l a r l y a t u r b u l e n t one, t o produce t h e s a t e l l i t e s . An e x t e r n a l l y a p p l i e d f i e l d was used i n t h e published helium experiment of Hicks e t a1.30 and i n t h e hydrogen experiment j u s t mentioned29. Nee and ~r i e m~~ observed internal-plasma-fieldinduced p = f l s a t e l l i t e s of n=13+12 and n=12+ll i n f r a r e d t r a n s i t i o n s i n hydrogen but found t h a t t h e absence of higher-order s a t e l l i t e s could n o t be explained by a Blochinzew-type theory based on a single-frequency, constant amplitude e l e c t r i c f i e l d F ( t ) = Focoswt. They developed a theory t o model t h e multimode f i e l d s of a t u r b u l e n t plasma and obtained reasonable agreement w i t h t h e i r experimental r e s u l t s . W e n o t e t h e experimental conditions described i n Eq. (4.7) and Table I observed Stark-broadening and s a t e l l i t e s of l i n e s i n a turbulent helium plasma and found e x i s t i n g theory incapable of explaining t h e i r r e s u l t s q u a n t i t a t i v e l y .
10. East-beam Studies of Hydrogen Spectra i n Intense Microwaves.-~a~f i e l d~~ f i r s t proposed a fast-beam, l a s e r experiment f o r production and detection of s a t e l l i t e l e v e l s of H(high n) atoms i n a s i n g l e microwave f i e l d . The present author39 demons t r a t e d t h e f e a s i b i l i t y of t h i s c l a s s of experiments with an important modification: The fast-beam was passed through two spatially-separated regions of microwave f i e l d whose s t r e n g t h s could be adjusted independently. C02 l a s e r photons were used t o d r i v e t r a n s i t i o n s from i n i t i a l n i = 1 0 l e v e l s with an unmeasured d i s t r i b u t i o n of subs t a t e s t o f i n a l high nf l e v e l s i n t h e presence of t h e f i r s t microwave f i e l d , which produced t h e s a t e l l i t e s t r u c t u r e being investigated. The second f i e l d was used t o d e t e c t by microwave i o n i z a t i o n those atoms t h a t were pumped by both t h e l a s e r and microwave photons i n t h e f i r s t f i e l d . Thus, t h e satellite-producing f i e l d could be weaker than t h a t needed t o i o n i z e t h e atoms. The frequency of t h e continuous C02 l a s e r was Doppler-tuned i n t h e atomic r e s t frame by varying t h e beam v e l o c i t y . Since t r a n s i t i o n s t o nf 2 30 l e v e l s were s t u d i e d , we expect t h a t i f t h e e f f e c t i v e dipole moment d of t h e atoms i n t h e f i r s t f i e l d s c a l e d a s n2, t h e moment d(n ) of t h e f i n a l l e v e l was a t l e a s t an order of magnitude l a r g e r than t h e moment $(ni=lO) of t h e i n i t i a l l e v e l . Therefore, t h e r a t i o s of dFo/-liw t h a t e n t e r i n t o t h e Bessel functions i n Eq. (3) were much l a r g e r f o r t h e f i n a l l e v e l , and i t s s a t e l l i t e s played a more important r o l e than those of t h e i n i t i a l l e v e l .
The r e s u l t s of t h a t f i r s t unpublished experiment39 were included i n a recent review2, from which Fig. 14 i s taken. The hatched curves show experimental d a t a f o r the production of t h e pf = +1, +2 s a t e l l i t e s of H(nf=48) i n a 9.91 GHz f i e l d with peak amplitude Fo(A). The abscissa of t h e f i g u r e i s a quadratic Fo(A) s c a l e (prop o r
t i o n a l t o t h e power d i s s i p a t e d i n t h e microwave c a v i t y ) normalized t o t h e f i e l d
Fo(ion) " 90 V/cm t h a t was observed t o i o n i z e t h e H(nf=48) atoms. W e s e e t h a t t h e pf = 1, +2 s i g n a l s peak a t values of Fo(A) l e s s than 10% of Fo(ion). The dashed curves show t h e o r e t i c a l s i g n a l curves obtained using t h e form of t h e amplitude given by Eq. (3) .
+1 dashed curve was normalized by a d j u s t i n g t h e magnitude and arg2:;f magn~tude = of d f ) of t h e f i r s t maximum of ~~2 t o agree with the p o s i t i o n and height of t h e peak of t h e experimental curve. The same normalizat i o n parameters were used with t h e function J~~ t o p l o t t h e dashed pf = +2 curve. The f i t t e d dipole moment i s df = 2 . 6~1 0~ au, o r scaled down by n2, df2/nf2 1 1 f o r n~ = 48. This i s a r a t h e r reasonable r e s u l t ; t h e permanent dipole moment i n t h e microwave f i e l d was about one scaled atomic u n i t (au/n2). According t o Delone e t a1.31, t h e l i n e a r i n t e r a c t i o n of t h e atoms with t h e o s c i l l a t o r y f i e l d dominates the quadratic i n t e r a c t i o n when n 4~, << 0.06 au, o r Fo << 60 V/cm f o r nf = 48. Since i n Fig. 14 Fo(A) 5 10 V/cm, t h e experiment f u l f i l l e d t h i s condition.
Bayfield e t a1.40 r e c e n t l y published t h e r e s u l t s of a more extensive study of the s p e c t r a of H(n =44-67) atoms i n a 5.9-8.0 GHz microwave f i e l d . They used a f "two-field" technique s i m i l a r t o t h e one mentioned above. Fig. 15 shows two of t h e i r s p e c t r a f o r e x c i t a t i o n of ni=10 atoms t o s a t e l l i t e s of nf=43-45.
The higherpower spectrum i n t h e lower frame e x h i b i t s more complicated, overlapping s e r i e s of s a t e l l i t e s (up t o ]pf I=15) compared t o t h e lower-power spectrum i n t h e upper frame. Since t h e zero-field hydrogen l e v e l s (pf=O s a t e l l i t e s ) a r e unequally spaced (n t o (n+An) spacing equal t o dn/n3 au) and t h e s a t e l l i t e s of a given n-level a r e equally spaced, t h e s a t e l l i t e p a t t e r n s of d i f f e r e n t n-levels a r e out of step. I n t h e l i m i t of a huge number of s a t e l l i t e s being appreciably populated i n a strong f i e l d , one would expect t h e empty spaces between t h e zero-field l e v e l s t o f i l l up with a kind of "lumpy continuum." The analogy20 between t h e problems of multiphoton e x c i t a t i o n and i o n i z a t i o n of hydrogen atoms by a strong microwave f i e l d and of multiphoton d i s s o c i a t i o n of polyatomic molecules by an i n t e n s e , i n f r a r e d l a s e r f i e l d should be mentioned here. The lumpy continuum i n t h e present hydrogen problem i s s i m i l a r t o the quasi-continuum of upper l e v e l s i n t h e molecular problem (see Ref. 22 f o r a u s e f u l l i s t of references). Fig. 15 .-Cross-hatched a r e a s : Experimental s i g n a l s f o r CO laser-induced t r a n s i -2 t i o n s from t h e pi=O s a t e l l i t e l e v e l of H(ni=lO) t o t h e pf=+l, +2 s a t e l l i t e l e v e l s , respectively, of H(n -48) i n a 9.91 GHz e l e c t r i c f i e l d whose peak f i e l d s t r e n g t h was Fo(A). Fo(ion)=PO Vfim was t h e f i e l d s t r e n g t h observed t o I o n i z e t h e H(nf=48) atoms. Dashed curves: Theoretical curves based on Eq. (3) t h a t a r e proportional t o t h e square of t h e Bessel functions of order p f . The normalization procedure is discussed i n t h e t e x t .
Bayfield e t a1.40 measured e x c i t a t i o n curves s i m i l a r t o those shown i n Fig. 14 , and saw no o s c i l l a t i o n s p a s t t h e f i r s t maximum t h a t one would expect according t o t h e extrema and zeroes of Bessel functions, Eq. ( 3 ) . They ascribed t h e deviation between t h e " t h e o r e t i c a l " and experimental curves a t higher values of Foas due t o the n f -s a t e l l i t e l e v e l s having a spread i n t h e value of t h e dipole moment d f . This would cause a spread i n t h e value of t h e argument of each Bessel function amplitude, Eq. ( 3 ) , and f o r each d i f f e r e n t df-value, t h e squared Bessel function curve would peak a t a d i f f e r e n t value of Fo. Some kind of average df-value can adequately explain t h e low-Fo p a r t up t o t h e f i r s t maximum of each curve, but t h e spread i n df-values changes t h e shape of each curve a t higher Fo-values.
For nf-levels between 44 and 67, and f o r frequencies 5,9-8.0 GHz, they found t h a t t h e power a t which each pf=-1 s a t e l l i t e peaked was proportional t o w (3.0+0.S)n(-4.0C0.2) ; t h e corresponding value of d v a r i e s a t n2u-k. f S t e h l e used a quanta1 forward s c a t t e r i n g method t o model t h e o r e t i c a l l y t h e twofrequency ( l a s e r + microwaves) e x c i t a t i o n of H(ni) atoms t o n f -s t a t e s . (The present author appreciates r e c e i p t of a pre-print on t h i s work from Professor Stehle before i t s publication.) H i s theory makes a p r e d i c t i o n t h a t could be t e s t e d i n f u t u r e experiments: The e x c i t a t i o n amplitude f o r each s a t e l l i t e i s s t i l l weighted by i t s pth-order Bessel function, Eq. (3), but a l l s a t e l l i t e -a m p l i t u d e s share a common f a c t o r J o ( 2 d F o~w ) .~h i s new f a c t o r would make a l l s a t e l l i t e s disappear together a t values of Fo corresponding t o t h e zeroes of Jo. I f t h e experimental s i t u a t i o n includes a spread of df-values, t h e s e would have t o be taken i n t o account i n applying t h e theory. W e mention t h a t modification and even vanishing of t h e Lande g-factor i n atomic magnetic resonance experiments i n a s t r o n g o s c i l l a t i n g magnetic f i e l d B1 was observed and explained t h e o r e t i c a l l y using t h e "dressed-atom" formalism
